The effects of de-aeration of solutions and time averaging of the excitation spectrum are presented. We investigated the origin of small amplitude early and late artifactual peaks in the light pulser and fluorescence spectra.
INTRODUCTION
Fluorescence lifetime measurements are commonly performed using single ,photon counting systems/.,5· ~hase shift i~struments, 22~ 
Methods and Materials
Th~ ~~sign ~f the ~ingle photon counting lifetime system is describ~d· in reference 24~ For all measurements reported in this paper thecRCA 8850·
photomultiplier was used at an operating temperature of ·ooc ·and a supp.ly voltage of 3000 V. All·fluorescence lifetime measurements were performed· with the:samples at room temperature. The time axis for the multichannel · .
-4-analyzer was calibrated from peak shifts induced by calibrated le~gth delay cables. The light pulser was operated in air at 1 atmosphere. The light pulser voltage was 6,000-9,000 V which yielded a detected flash rate of 13,000-26,000
flashes per second. The data collection rate [(time-to-amplitude-converter rate)/(light pulser flash rate)] was 10% or less for all measurements.
The excitation and emission wavelengths were selected by optical filters.
The filters used in each experiment were: Erythrosin --Optical Industries The simplest method for the prevention of multiple photon events is to attenuate the light intensity reaching the photomultiplier so that multiple photon. events are extremely rare. Under these circumstances, the multiple photon contribution to the spectru~ will result in a distortion of only a few percent in the data, which can usually be tolerated. The limited rate of data collection associated with this It is important to note, however, that thts method suff~rs from a frequently overlooked •blind ~pot~. The discriminators used in our lifetime system and in other systems require a reset time of at least 50 nanoseconds before they are able to process a second fluorescence photon. During this period the pulse counter will fail to detect the arrival of subsequent photons.
Since the probability for photon emission peaks sharply and falls off exponentially or as a sum of exponentials (for short light pulser flashes}, if multiple photon events occur, they will most likely occur with a srriall time separation. This method will be blind to precisely those multiple photon events· which are most likely to occur, especially when short fluorescence lifetimes are being measured.
An alternative electronic pulse pileup rejection scheme is available. We have seen that pileup rejection based on a digital inhibit
circuit exhibits a blind spot if the photons are separated by less than about 50 nsec. Pileup rejection based on discriminator windows is ineffective for photons separated by more than approximately 2 nsec.
·Even a combination of these electronic methods will be unable to detect all multiple photon events. A modified discriminator window method of pulse pileup rejection has been designed, however, which can effectively -~~cord '~11 multiple. ~ho~on ~vents. 6 This method utilizes a single channel It is important to be aware of these deficiencies of pulse pileup rejection when making lifetime measurements If the simple electronic pulse pileup rejection system is chosen, it should be supplemented by an attenuation of the data collection rate and/or the application of appropriate theoretical corrections for multiple photon.events. In our lifetime system, the simple discriminator based pileup rejection system is supplemented by an attenuation of the TAC count rate to 10% or less.
of the lamp firing rate. This method was used for all measurements reported in this paper.
Early and late-spectral peaks All published excitation and fluorescence spectra from single photon ,.
counting instruments exhibit secondary peaks of low intensity which occur . . before and after the primary peak.l,G,? If the photomultiplier dynode string is poorly adjusted, then further peaks wi 11 appear J An expande-d profi.le of the light pulser flash as measured on our instru)11ent can be seen in the intensity of the primary peak. The early peak occurs 7 nsec before the main peak, the late peak occurs 16 nsec after the main peak. It has been proposed that these supplemental peaks arise from internal processes in the photomultiplier. 1 ' 8 Our findings confirm this inter-pretation. The peaks do not arise from light reflections in the sample chamber because the -9- profile is unchanged if a light pipe is used to channel light pulser flashes directly into the photomultiplier. The peaks are not a function of the light source because they are also seen in the record of the flash profile using a light emitting diode as the emission source. The intensity oy the early peak is, however, sensitive to the area of illumination of the photomultiplier.
In Figure 1 , we observe that restricting the illumination to the· center of the photocathode causes the early peak to increase in intensity while the late peak is unaffected. The dynode structure underlies the center of the ,, photocathode and is preferentially illuminated in this case. Apparently, the early peak arises from photons which are not absorbed by the photocathode, but rather pass through this surface and directly strike the first dynode causing an early electron cascade. The origin of the late peak is uncertain.
It appears to be an internal electron reflection of some sort since it . is unaffected by variations in the illumination of th.e photocathode. One possi'bil i ty is that electrons from the first dynode travel back. up to 8 the photocathode, initiating a late starting secondary electron cascade.
If excitation and fluores-cence spectra are not recorded under i denti ca 1 conditions, the amplitudes of the early and late peaks can differ between spectra. These differences can lead to problems when a deconvolution analysis of the lifetimes is attempted. The variation in early peak amplitude can be minimized if the emitting volumes of the samples used for excitation and fluorescence spectra are equalized. Equalizat!on of emitting volumes will also reduce variations in photo-multiplier response characteristics associated with illuminatio~ of different photocathode areas. 7
DATA ANALYSIS
The fluorescence emission from a set of identical fluorophores in response to a delta pulse of exciting light is given by the relation: The experimental and predicted lifetime curves are shown in Figure 4 .
To obtain accurate measurements of very short lifetimes, certain experimental conditions must be carefully controlled. The most critical problems arise from slow drifts that occur in the light pulser time profile and from the wavelength dependence of the system response. To obtain stable, optimal performance from the air gap light pulser, we have found it necessary to flush the chamber continuously with a flow of dry air during operation, to clean the electrode tips after every 10 hours of operation and to resharpen the pointed electrode into a conical tip after significant erosion has occurred.
The remaining drift which occurs in the excitation profile can be minimized by recording excitation and emission profiles alternately. 20 We find that drift problems in our system are significantly decreased by recording half the excitation profile before the fluorescence measurement and half afterwards. Using this method, we have observed that the red emission from the air gap discharge is slightly broader in time (10% broader at 490 nm than at 360 nm)· and has a significantly larger tail component than the ultra-violet emission.
In our judgement, the best way to minimize the· system wavelength dependence, which arises .from both photomultiplier and lamp effects. is to use the same light pulser filter in recording both the excitation and fluorescence profiles and to minimize the difference between the excitation and emission wavelengths. ; '.
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